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Resistivity and magnetostriction measurements were performed at high magnetic fields and under pres- 
sure on UCoAl. At ambient pressure, the 1st order metamagnetic transition at H m ~ 0.7 T from the para- 
magnetic ground state to the field-induced ferromagnetic state changes to a crossover at finite temperature 
T ~ UK. With increasing pressure, H m linearly increases, while T decreases and is suppressed at the 
quantum critical endpoint (QCEP, Pqcep ~ 1.5 GPa, H m ~ 7 T). At higher pressure, the value of H m iden- 
tified as a crossover continuously increases, while a new anomaly appears above Pqcep at higher field H* 
in resistivity measurements. The field dependence of the effective mass (m*) obtained by resistivity and 
specific heat measurements exhibits a step-like drop at H m at ambient pressure. With increasing pressure, 
it gradually changes into a peak structure and a sharp enhancement of nf is observed near the QCEP. 
Above Pqcep > the enhancement of m* is reduced, and a broad plateau is found between H m and H* . We 
compare our results on UCoAl with those of the ferromagnetic superconductor UGe2 and the itinerant 
metamagnetic ruthenate Sr 3 Ru 2 07. 
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1. Introduction 

Metamagnetism and quantum criticality in strongly corre- 
lated electron systems have attracted much interest as new 
quantum phases are expected. They can be related to uncon- 
ventional superconductivity, non-Fermi liquid behavior and 
nematic phases. In the case of antiferromagnetic (or nearly 
antiferromagnetic) compounds, the metamagnetic transition 
in heavy fermion systems is well documented. 1,2) A proto- 
type material is CeRu2Si2 where a pseudo-metamagnetic tran- 
sition occurs at H m ~ 7.8 T and the quantum critical endpoint 
(QCEP) at which the 1 st order metamagnetism collapses ex- 
ists at negative pressure, as seen in Ceo.925L.ao 75Ru2Si2. 3 ' 4) 

On the other hand, in itinerant ferromagnets, the metam- 
agnetic transition from the paramagnetic ground state to the 
field-induced ferromagnetic state could occur when the sys- 
tem is tuned into the paramagnetic ground state at zero field. 
Well-known systems are the itinerant ferromagnets UGe2, 5 ' 6 ' 
ZrZn2, 7) and the nearly ferromagnetic compound Sr3Ru2C»7. 8) 
In particular, UGe2 is an interesting system, because uncon- 
ventional superconductivity coexisting with ferromagnetism 
appears near the critical pressure, 9) and the superconducting 
phase is enhanced by the metamagnetic transition between 
two ferromagnetic phases, FM1 and FM2. 10) Recently we 
have investigated the ferromagnetic QCEP of UGe2 by resis- 
tivity and Hall effect measurements, and have concluded that 
the QCEP exists at ~ 18 T and at ~ 3.5 GPa. 5 - 6) However se- 
vere experimental conditions, namely the high field, very low 
temperature and high pressure, prevent us from performing 
precise experiments above the QCEP to date. Therefore it is 
important to find new systems which can be easily tuned to 
the QCEP. In this paper, we demonstrate that UCoAl is an 
ideal system for this kind of study. 

UCoAl crystallizes in a hexagonal structure with ZrNiAl- 
type (space group: P62m, No. 189) without inversion symme- 



try. Applying the magnetic field along the c-axis, the param- 
agnetic ground state becomes a field induced ferromagnetic 
state through the metamagnetic transition at H m ~ 0.7 T, with 
an induced magnetic moment M ~ 0.3 /ie- 11 ' The magne- 
tization curve is very anisotropic between H || c-axis and 
H X. c-axis, indicating Ising-like behavior. By doping with 
Y as a negative pressure or by applying uniaxial stress, 12, 13) 
ferromagnetism appears, indicating that UCoAl is in prox- 
imity to ferromagnetic order. The critical pressure where the 
Curie temperature rc ur i e is suppressed to zero will be negative 

(P c 0.2GPa) 14) and the ground state at ambient pressure 

is already the paramagnetic one. H m linearly increases with 
increasing hydrostatic pressure. 14 ' The metamagnetic transi- 
tion at H m is identified to be of 1st order by the clear hystere- 
sis between increasing and decreasing fields. Applying pres- 
sure, this hysteresis starts to be suppressed, which may sug- 
gest that the 1st order transition will terminate at a QCEP. 
However there are no experimental reports which clarify the 
existence of the QCEP at high pressures above 1 .2 GPa. Here 
we report the experimental evidence for the QCEP in UCoAl 
detected by resistivity and magnetostriction measurements at 
high fields and at high pressures. 

2. Experimental 

Single crystals of UCoAl were grown using the Czochral- 
ski method in a tetra-arc furnace. The starting materials of U 
(purity: 99.95 %-3N5) , Co (3N) and Al (5N) were melted on a 
water-cooled copper hearth under a high purity Ar atmosphere 
gas. The ingot was turned over and was melted again. This 
process was repeated several times in order to obtain a ho- 
mogeneous polycrystalline ingot. The ingot was subsequently 
pulled with a rate of 15 mm/hr for single crystal growth. The 
obtained single crystal ingot was cut using a spark cutter 
and was oriented by X-ray Laue photograph, displaying very 
sharp Laue spots. The resistivity using a sample with rectan- 
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gular shape (0.5 x 0.5 x 1 mm 3 , c-axis long) was measured by 
a four probe AC method (/ ~ 17 Hz) for the electrical cur- 
rent along [1010] direction (J ± c-axis) at low temperatures 
down to 0.1 K and at high fields up to 16 T for the field along 
[0001] direction (H || c-axis). The residual resistivity ratio 
(RRR) was approximately 10. The magnetostriction was mea- 
sured using strain gauges by the active dummy method with a 
wheatstone bridge at temperatures down to 2 K using a lock- 
in amplifier (/ ~ 17 Hz). The gauge was glued on the surface 
of the sample with the dimension of 2 x 2 x 0.4 mm 3 , so that 
it detects the dilatation along the c-axis (AL C ). Both resistiv- 
ity and magnetostriction measurements were performed under 
pressure up to 2.4 GPa using a CuBe-NiCrAl hybrid type pis- 
ton cylinder cell with Daphne oil 7373 as a pressure medium. 
The pressure was determined by the superconducting transi- 
tion temperature of Pb. The sharp transition assures that the 
pressure gradient is small (< 0.05 GPa) for all pressure range. 
However, the pressure gradient for magnetostriction measure- 
ments with a relatively large sample is larger, which is ap- 
proximately 0.1 GPa in maximum. 15 ' The Daphne oil 7373 
solidifies at 2.2 GPa at room temperature, 16 ' thus the hydro- 
staticity is good at least up to ~ 2 GPa at low temperatures. 
For comparison with the field dependence of the resistivity A 
coefficient, the specific heat was measured by the relaxation 
method at ambient pressure under magnetic field up to 9 T and 
at low temperature down to 0.45 K. Angular dependences of 
H m from H || c-axis to H ± c-axis (H || [1010]) were also 
measured at ambient pressure by magnetization and magne- 
tostriction. The magnetization was measured at temperatures 
down to 2 K and at magnetic fields up to 5.5 T using a SQUID 
magnetometer. The magnetostriction was measured employ- 
ing the same manner as under pressure at temperatures down 
to 2 K and at fields up to 9 T using a horizontal-axis sample 
rotator. 

3. Experimental results 

3.1 Ambient pressure and angular dependence 

Figure 1 show the susceptibility and magnetization at 2 K. 
A very anisotropic susceptibility response is found between 
H || c and H ± c-axis, indicating the Ising-type behavior, 
which is in good agreement with the previous results. 17 ~ 19 ' 
For H || c-axis, the susceptibility shows a broad maximum 
around 20 K, while no anomaly is observed for H ± c-axis. 
This behavior is typical for heavy fermion systems, such as 
CeRu2Si2, UP13, URu2Si2- Applying the magnetic field along 
c-axis at low temperature, a sharp metamagnetic 1st order 
transition is observed at H m ~ 0.7 T, with a hysteresis be- 
tween the upsweep and downsweep measurements. 

First we focus on the angular dependence of the meta- 
magnetic transition, since in the well-known ferromagnetic 
systems, such as URhGe, 2023 ' UCoGe 24 " 26 ' and Sr 3 Ru 2 7 
(nearly ferromagnetic compound), 27 ' the field angle is found 
to be a tuning parameter for the quantum singularities, as pres- 
sure is. By increasing the field angle 9 from H || c-axis to 
H X. c-axis, H m shifts to higher fields proportional to 1 / cos 9. 
It should be noted that the induced moment just above H m de- 
creases with 9, which roughly follows cos 9 dependence. This 
is different from the pressure response of magnetization up to 

1.2 GPa for H || c-axis, where the induced moment just above 
H m remains almost at the same value, ~ 0.3 ps, while H m is 



monotonously increased with pressure. 14 ' The field angle re- 
sponse is obviously different from the pressure response in 
UCoAl. 
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Fig. 1 . (Color online) (a)Temperature dependence of the susceptibility at 
1 kOe for H || c-axis and H ± c-axis in UCoAl. (b)Magnetization curves 
with increasing field at 2 K at different field angles 8 from H || c-axis to 
H ± c-axis. The inset of panel (a) shows the temperature dependence of 
resistivity at zero field, indicating that T 2 dependence is preserved at least 
up to 0.5 K within experimental precision. 



Figure 2(a) show the field dependence of the magnetostric- 
tion AL C /L C for different field angles at 2K. Sharp drops of 
magnetostriction due to the metamagnetic transition in agree- 
ment with the previous results 28 ' are observed at H m , which is 
increased with increasing field angle. As shown in Fig. 2(b), 
H m increases following a 1 / cos 9 dependence, at least up to 
7.2 T at 84 deg. The magnitude of the jump of magnetostric- 
tion retains a large value even at high field angles. Further- 
more the hysteresis at H m , A//h ys t also increases with field an- 
gle, following the 1 / cos 9 dependence, as shown in the inset 
of Fig. 2(b). It is noted that the width of metamagnetic transi- 
tion (AH m ~ 0.02 T) shows no significant increase with field 
angle, indicating that the sharp metamagnetic transition is re- 
tained up to 84 deg. These results indicate that the 1st order 
nature is very robust against the field angle, which cannot be 
a tuning parameter to a QCEP in UCoAl at least at ambient 
pressure. 

It should be noted that Fermi liquid properties are ob- 
served in the resistivity measurements, as shown in the inset 



J. Phys. Soc. Jpn. 



Full Paper 



D. Aoki et al. 






c-axis 

UCoAl 
2K 



E 
X 




H // c-axis 



Field Angle (deg) 



Fig. 2. (Color online) (a)Field dependences of the magnetostriction with 
increasing fields at 2 K at different field angles from H || c-axis to H ± c- 
axis in UCoAl. (b)Angular dependence of the metamagnetic transition field 
H m at 2 K for upsweep measurements. The inset of panel (b) shows the 
angular dependence of the hysteresis of H m between upsweep and down- 
sweep. The solid lines correspond to a 1 / cos 8 dependence. 



of Fig. 1(a), where the resistivity follows the T 2 dependence 
below 0.5 K, in good agreement with very low temperature 
specific heat data. 18) Thus, the achievement of a very low tem- 
perature (T < 0.5 K) is a necessary condition to observe the 
Fermi liquid regime at ambient pressure. 

3.2 Pressure study 

Figure. 3(a) shows the field dependence of the magnetore- 
sistance at ambient pressure for different constant temper- 
atures. Anomalies due to the metamagnetic transition from 
the paramagnetic state to the field-induced ferromagnetic 
state are clearly observed around H m ~ 0.7 T. The anomaly 
with a small step-like decrease at low temperatures gradually 
changes into a sharp peak around 10 K. Further increasing 
temperature, the anomaly is smeared out. Figure 3(b) shows 
the temperature variation of H m . H m slightly shifts to higher 
fields with increasing temperature implying that the ferromag- 
netic correlations play a main role for the metamagnetism in 
UCoAl, as observed just above P c in UGe2. 5) At low temper- 
atures, H m is obviously identified as the 1st order transition, 
since hysteresis between the upsweep- and the downsweep- 
field is observed in magnetoresistance. With increasing tem- 



perature, H m changes from 1st order to a crossover at Tq. Here 
we determined To from the field derivative of magnetoresis- 
tance, dp/dH. As shown in the inset of Fig. 3(b), dp/dH re- 
veals sharp maximum and minimum below and above H m . 
When the peak-to-peak amplitude of dp/dH becomes max- 
imum, meaning an acute peak of the magnetoresistance, we 
define this temperature as Tq. In Fig. 3, To is found to be 
UK. This value is in good agreement with that obtained from 
the hysteresis of H m in the magnetostriction measurements, as 
mentioned later, supporting the validity of our definition for 
T Q . 
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Fig. 3. (Color online) (a)Magnetoresistance with increasing fields for H || 
c-axis at various constant temperatures from 1 to 30 K with 1 K step in 
UCoAl. (b)Temperature variation of the metamagnetic transition field H m . 
The inset shows the field derivative of magnetoresistance. The thick line 
corresponds to data at To = UK, at which the metamagnetic transition 
changes from the 1 st order to the crossover. 



Figure 4(a) shows the field dependence of the magnetostric- 
tion at ambient pressure for different constant temperatures. 
Sharp drops of the magnetostriction are observed at H m at 
low temperatures. This is in good agreement with the previ- 
ous report. 28 ' At high temperatures, the anomalies at H m be- 
come broad and finally they are smeared out. As shown in 
the inset of Fig.4(c), a hysteresis (A//h ys t ~ 0.06 T) is clearly 
observed at 2 K between up and down field sweeps indicat- 
ing the 1st order transition at low temperatures. AH^yst de- 
creases with increasing temperatures and finally becomes zero 
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at To ~ 11 K, which is in good agreement with the value ob- 
tained by the magnetoresistance measurements as shown in 
Fig. 3. The transition at H m changes to a crossover above 7q. 
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Fig. 4. (Color online) (a)Field dependence of the magnetostriction along 
c-axis for H || c-axis at various constant temperatures from 20 to 2 K with 
1 K. (b)Temperature evolution of the metamagnetic transition field H m . 
The inset of panel(c) displays the hysteresis of H m at 2 K between increas- 
ing and decreasing field. (c)Temperature dependence of the hysteresis field 
AH m . 



As shown in Fig. 5, the hysteresis is suppressed by applying 
pressure. With increasing pressure, Affhyst at 2 K is markedly 
suppressed from 0.06 T at ambient pressure to ~ 0.015 T 
at 1.31 GPa. No hysteresis was observed at higher pressures 
(P > 1.75 GPa). Correspondingly, Tq decreases with pres- 
sures. It is, however, difficult to evaluate the value of To pre- 
cisely for different pressures, because Tq is too small for the 
magnetostriction measurements using strain gauges, giving 
rise to relatively large error bars of A//h ys t- Nevertheless, the 
present results imply that the 1st order transition at H m will 
terminate at high pressure probably above Pqcep ~ 1.5 GPa. 

Figure 6(a) shows the field dependence of the magnetostric- 
tions at 2 K at various pressures. Increasing pressure, H m in- 
creases linearly to high fields and reaches 11 T at 2.4 GPa. 
Here we define H m from a midpoint of the magnetostric- 
tion jump. The amplitude of the jump (= 5L) decreases with 
pressure and most likely remains constant above Pqcep ~ 
1.5 GPa, as shown in Fig. 6(b). On the other hand, the tran- 
sition width (= AH m ) is almost constant or slightly increases 
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Fig. 5. (Color online) Temperature dependence of the hysteresis field AH 
at various pressures in UCoAl. 



up to 1 .5 GPa, and then rapidly increases with further in- 
creasing pressure, as shown in Fig. 6(c). One can speculate 
that the quantum critical endpoint (QCEP) is located around 
^qcep ~ 1 .5 GPa. At first aprroximatation, the magnetic con- 
tribution of the magnetovolume effect AV m /V m is related to 
the magnetization M via the relation, AV m /V m oc M 2 . Ac- 
cording to the previous magnetization measurements under 
pressure up to 1.2GPa, 14) the initial slope of magnetization 
is unchanged, but H m increases with pressure, while the in- 
duced moment above H m is constant (~ 0.3 hb)- The present 
results in Fig. 6 should be related to the pressure response of 
magnetization curve. 

Figure 7 shows the magnetoresistance at different con- 
stant temperatures at two different pressures below and above 
Pqcep- At 1.23 GPa (< PqcepX the magnetoresistance shows 
the very sharp peak at H m - 5.7 T at 1.9 K, which is quite 
different from that at ambient pressure where the step-like be- 
havior is observed at low temperatures. From the analysis of 
dp/dH as in the inset of Fig. 3(b), To at 1.23 GPa is found to 
be 4 K, which is reduced from the original value, To = UK 
at ambient pressure. 

On the other hand, at 2.36 GPa (> PqcepX the magnetore- 
sistance shows a plateau around H m at low temperatures. Two 
kinks are observed at H m = 10.5 T and H* — 12 T at the low- 
est temperature. The former kink at 10.5 T is fairly in good 
agreement with the results of magnetostriction as shown in 
Fig. 6(a). However, the latter kink at 12 T was only observed 
in the magnetoresistance measurements, while no anomaly 
was detected at 12 T in the magnetostriction measurements. 
Two kinks are merged and broaden at high temperatures. In- 
terestingly, another broad hump is observed around 5 T only 
at low temperatures. 

From the temperature dependence of the resistivity at con- 
stant field, we determined the field dependence of the resis- 
tivity A coefficient and the residual resistivity po at different 
pressures, as shown in Fig. 8(b)(c). Here the resistivity is de- 
scribed by p - po + AT 2 . Considering the Kadowaki-Woods 
relation (A oc y 2 , y; Sommerfeld coefficient) based on the ex- 
istence of the strong local fluctuation, the field dependence of 
the A coefficient corresponds to that of the square of the effec- 
tive mass m* (A oc y 2 oc m* 2 ). For comparison, the field depen- 
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Fig. 6. (Color online) (a)Field dependence of the magnetostrictions for H \\ 
c-axis at various pressures at 2 K in UCoAl. (b)Pressure dependence of the 
amplitude of jumps in magnetostriction at H m . (c)Pressure dependence of 
the transition width. QCEP is located around 1.5 GPa. 
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Fig. 7. (Color online) Field dependence of the magnetoresistance at vari- 
ous fixed temperatures at two different pressures, 1 .23 GPa (< Pqcep) and 
2.36 GPa (> Pqcep) for H || c-axis in UCoAl. 



dence of the y-value at ambient pressure estimated from the 
measurements at 0.45 K is also shown in Fig. 8(a). The results 
are consistent with the previous results 18 ' The y-value at zero 
field is 75 mJ/K 2 mol, which is almost unchanged up to H m . 
Further increasing field, the y-value is abruptly reduced down 
to 60 mJ/K 2 mol and is almost constant up to 9 T. It should be 



noted that the slight upturn at high fields is due to the hyper- 
fine contribution from Co and Al. This is roughly consistent 
with the field dependence of A coefficient at ambient pressure 
shown in Fig. 8(a). However, the normalization to the high 
field limit will lead to an enhancement of A at zero field in 
agreement with the enhancement of VA with respect to y in 
ferromagnetic spin fluctuation theory. 

With increasing pressure, the field dependence of the A co- 
efficient is drastically changed, as shown in Fig. 8(b). H m in- 
creases linearly with field, and the A coefficient at zero field 
is suppressed with pressure. Instead, the peak structure at H m 
becomes pronounced. At 1 .23 GPa, the A coefficient reveals 
a very sharp peak at H m , which is approximately three times 
larger than that at zero field. Further increasing pressure, the 
peak value of A coefficient is reduced and the width of the 
peak is significantly increased. Above Pqcep ~ 1.5 GPa, the 
A coefficient exhibits a plateau. 

In order to see the pressure evolution of the A coefficient 
more clearly, we plot the pressure dependence of the A coeffi- 
cient at H m and at zero field, as shown in Fig. 9. The A coeffi- 
cient at zero field, A(0), monotonously decreases in Fig. 9(b), 
indicating that the pressure drives UCoAl away from the criti- 
cal region. On the other hand, the A coefficient at H m , A{H m ), 
shows a maximum around the QCEP. If we take the ratio, 
A(// m )/A(0), the enhancement of A(H m ) at QCEP is more sig- 
nificant, as shown in Fig. 9(c). It is interesting to note that the 
value of A(// m )/A(0) seems to remain constant above Pqcep- 

The residual resistivity shows a plateau, as well (see 
Fig. 8(c)). The kink of the plateau at lower field, for exam- 
ple, H m = 10.5 T at 2.36 GPa corresponds to the continua- 
tion of H m , which was detected by the magnetostriction (see 
Fig. 6(a)). However, the kink of the plateau at higher field (ex. 
H* - 12 T at 2.36 GPa) was detected only by the resistivity, 
but the magnetostriction down to 0.3 K shows no anomaly. 
Interestingly, the residual resistivity exhibits a sharp peak 
around Pqcep- This is in good agreement with the prediction 
of residual resistivity enhancement at the ferromagnetic sin- 
gularity. 29 ' Furthermore, a broad anomaly is observed around 
6T at 2.36 GPa, which shifts to lower field with decreasing 
pressure. These broad anomalies might be explained by the 
competitive phenomena between the scattering near H m and 
the orbital effect of transverse magnetoresistance, which is re- 
lated to the value of lo c t where lj c (= eH/m*c) and t are the 
cyclotron frequency and the scattering lifetime, respectively. 

It should be noted that temperature range where the resis- 
tivity follows a T 2 relation becomes narrower around QCEP, 
as shown in Fig. 10. For example, at 1.56 GPa, T 2 behavior 
was observed only up to ~ 1 K at 7.3 T. An interesting point is 
to investigate the critical exponent of resistivity at the QCEP, 
which is left for future studies of precise resistivity measure- 
ments. 

Figure 1 1 shows the pressure dependence of H m extrap- 
olated to OK obtained by the magnetoresistance and mag- 
netostriction measurements. H m is almost linearly increased 
with pressure up to 7 T at Pqcep ~ 1 .5 GPa. The value of 
H m from the resistivity measurements almost coincides with 
that from the magnetostriction measurements, although H m 
of resistivity is slightly higher than that of magnetostriction, 
which is most likely due to the slight pressure inhomogeneity 
in the pressure cell. Above Pqcep, the magnetostriction shows 
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(Color online) (a)Field dependence of the specific heat at 0.45 K for 
H || c-axis in UCoAl. (b)Field dependence of the resistivity A coefficient 
at various pressures and (c) corresponding residual resistivity. The data in 
panel (c) is vertically shifted for clarity. In panel (a), the field dependence 
of A coefficient is plotted, as well, in the form of "VA vs H, assuming 
Kadowaki-Woods relation. 



the linear increase of H m continuously, while the magnetore- 
sistance shows the split corresponding to the plateau of the 
residual resistivity. The lower field anomaly is in good agree- 
ment with the results of magnetostriction. 

Figure 1 1(b) shows the pressure dependence of Tq at which 
the 1st order transition of H m terminates and changes into a 
crossover. The value was evaluated by the field derivative of 
magnetoresistance, as shown in the inset of Fig. 3(b). Tq de- 
creases with pressure, and collapses around Pqcep ~ 1 .5 GPa, 
indicating that the 1st order transition at H m terminates at 
Pqcep, and a new phase appears above Pqcep- 

As a summary of pressure experiments, we schematically 
show in Fig. 12 the temperature-pressure-field phase dia- 
gram of UCoAl, together with the field-pressure phase dia- 
gram at K. The critical point where Tcurie is suppressed to 

OK is at a negative pressure (P c 0.2 GPa) in UCoAl. At 

the tri critical point (TCP), Tc m ie bifurcates and the 1st order 
plane appears. When the magnetic field is applied at ambi- 
ent pressure, UCoAl crosses the 1st order plane, which cor- 
responds to the metamagnetic transition from paramagnetic 




E 

o 

d 

< 



< 

x 

< 



0.2 

0.1 



1 




(b) 


o~- 


c3~ — Q^ 








i 




P (GPa) 



Fig. 9. (Color online) Pressure dependence of the A coefficient (a) at H m 
and (b) at zero field in UCoAl. (c)Pressure dependence of the ratio of 
A(H m ) to A(0). Closed symbols and open symbols in panel (a) and (c) 
correspond to the peak value and dropped value at H m , respectively. The 
lines are guides to the eyes. 



ground state to the field-induced ferromagnetic state. The 
temperature, which is located on the 1st order plane at finite 
temperature, corresponds to Tq. Increasing pressure, H m in- 
creases linearly and meets with QCEP where Tq is suppressed 
to K. At QCEP, the effective mass shows the acute enhance- 
ment. At higher pressure P > Pqcep, H m increases continu- 
ously as a crossover, which can be observed both by resistivity 
and by magnetostriction. From the QCEP, a new transition or 
crossover line at H* which was detected in po appears and 
deviates from the original H m line. 

4. Discussion 

A general treatment 31 ' implies that the ferromagnetic phase 
diagram with a strong decrease of 7c U iie near P c will be ex- 
tended in magnetic field by a first order line To which will 
terminate at a pressure higher than P c , In a conventional ap- 
proach, the paramagnetic-ferromagnetic transition at H m has 
been described with special features in the density of states 
such as a double peak structure or van Hove singularity. 32 " 34 ' 
It has also been treated in spin fluctuation theory assuming 
Fermi surface invariance through H m or quite generally by 
considering excitations at the Fermi level which introduce 
non-analytic corrections in the Landau expression of the free 
energy 30 ' 35,36 ' It was, however, recently stressed that a strong 
modification of the Fermi surface can occur at H m . A recent 
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Fig. 10. (Color online) Temperature dependence of the resistivity at 0, 7.3 
(~ ^m) and 16 T for// || c-axis under pressure at 1.56 GPa in UCoAl. 
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Fig. 11. (Color online) (a)Pressure dependence of H m extrapolated to OK 
for H || c-axis in UCoAl, and (b)the pressure dependence of Tq where the 
1 st order transition changes into the crossover. 



calculation assuming that a Lifshitz transition may occur at 
H m shows that the ferromagnetic wing structure on the phase 
diagram will be strongly affected in this case. 37) 

Here we compare the present results of UCoAl with those 
recently obtained for the other Ising ferromagnet UGe2. At 
ambient pressure, UGe2 has a high Curie temperature 7c U rie ~ 
52 K associated with a large ferromagnetic ordered moment 




Fig. 12. (Color online) Semi-schematic temperature-pressure-field phase 
diagram. Red closed circles correspond to the experimental data points. 
The Curie temperature Tcurie is suppressed with pressure and bifurcates at 
the tricritical point (TCP), where the transition changes from 2nd order to 
1st order, revealing the 1st order plane. The boundary between the 1st or- 
der and the crossover at finite temperature is called Tq. UCoAl at ambient 
pressure is located just above the critical pressure P c at which Tcane col- 
lapses at H = 0. Applying magnetic fields, the metamagnetic transition oc- 
curs at H m crossing the 1st order plane. Increasing pressure, H m increases, 
while Tq decreases and terminate at the quantum critical endpoint (QCEP). 
Above Pqcep H m continuously increases. From QCEP, new anomaly ap- 
pears, as indicated by the dashed line. It is noted that the data points at 
"negative" fields are depicted as a mirror of those at "positive" field for the 
comparison with a generic phase diagram near FM instabilities. 30 ' 



Mo ~ 1.5 fiB- The tricritical point (TCP) is located at 7tcp ~ 
24 K and Ptcp ~ 1 -42 GPa. The ferromagnetism disappears at 
P c ~ 1.5 GPa at zero field via a sharp drop of the magnetiza- 
tion AM ~ 0.9 fi B with a 1st order nature. 38) Due to the large 
value of AM ( ) in UGe2, the QCEP is achieved at high pressure 
(Pqcep ~ 3.5 GPa ~ 2P C ) and high field (Hqcep ~ 18 T). 

Figure 13 shows the pressure dependence of Tq as a func- 
tion of the scaled pressure, (P - P c )/(Pqcep - Pc) m UCoAl 
and UGe2. 6) In UGe2, Tq has an upward (concave) curvature, 
while in UCoAl Tq shows a downward (convex) curvature. 
This difference might correspond to a difference of Fermi sur- 
face dimensionality between the two compounds. In the fer- 
romagnetic state of UGe2, both dHvA experiments 39 "* 4 ) and 
band structure calculation 45, 46) show a quasi-two dimensional 
Fermi surface at least for a main dHvA branch. Such lower di- 
mensionality can explain the upward curvature of Tq? 5) Up to 
now, there are no reports concerning Fermi surface topology 
on UCoAl, although band structure calculations have been re- 
ported. 47 ' 48 ) However, three dimensionality is expected from 
the crystal structure. It should be noted that the crystal struc- 
ture without inversion symmetry in UCoAl may also affect 
the pressure response of To. 

The difference between the two compounds is confirmed 
by the field dependence of the resistivity A coefficient, as 
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Fig. 13. (Color online) Scaled pressure dependence of To of UCoAl and 
UGe2. In UCoAl, the critical pressure P c and the pressure at QCEP are 
-0.2 GPa and 1.5 GPa, respectively. In UGe2, P c and Pqcep are 1.5 GPa 
are 3.6 GPa, respectively. The data of UGe2 are cited from ref.6. 



shown in Fig. 14. In UGe2, the A coefficient shows a step- 
like increase at H m at pressures just above P c (P — 1.8 GPa > 
P c ), 6) as shown in Fig. 14(a), while the A coefficient near P c 
in UCoAl shows a step-like decrease at H m . However, near 
Pqcep, the field dependence of the A coefficient for both 
UCoAl and UGe2 shows a similar peak structure at H m , where 
the enhanced values for both compounds are three times larger 
than those at zero field, although the peak of UCoAl is much 
shaper than that of UGe2. This observation is consistent with 
the effect of lower dimensionality in UGe2. It is indeed pre- 
dicted as A ~ QH- Z/QCEp|/#ocEPr 1/3 for d = 3 (3D system) 
and A ~ QH - //qcepI///qcep)" 2/3 for d = 2 (2D system), 35 ' 
as shown in the inset of Fig. 14(c) but for both cases, the 
data cannot be fully fitted with a spin fluctuation approach. 
A possible reason might be unusual critical exponent around 
#qcep- The present results of A coefficient are obtained, as- 
suming that the resistivity follows T 2 at low temperatures just 
above 0.1 K. More precise measurements at lower tempera- 
tures is left for the future study. That will allow a definitive 
comparison with a spin fluctuation approach. 

The difficult question is possible changes of the Fermi sur- 
face at H m . In UGe2, the drastic change of the Fermi surface 
between the paramagnetic state and the ferromagnetic state 
(FM1) was directly observed by de Haas-van Alphen (dHvA) 
experiments. 4CM4) Nevertheless, it is still an open question 
whether the Fermi surface changes near the QCEP because 
of the large values of Pqcep and //qcep- The change of Fermi 
surface associated with a Lifshitz transition near Pqcep might 
be a possible origin for the deviation of To and A from the 
spin fluctuation theory. 

Up to now, no clear quantum oscillation experiments has 
been reported for UCoAl. However, the Hall coefficient and 
thermopower coefficient at ambient pressure reveal a drastic 
change through // m , 49) also suggesting a change of Fermi sur- 
face. An interesting point in UCoAl is that the measurements 
can be easily achieved far above Pqcep- 

A new feature in the present study is that further increas- 
ing pressure above QCEP, the transition line continues as a 
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Fig. 14. (Color online) Field dependence of the A coefficient (a) just above 
P c and (b) just below Pqcep in UCoAl and UGe2. A coefficient is normal- 
ized with the value of zero field. (c)Field is normalized with H m from panel 
(b). The inset of panel (c) shows the prediction from the spin fluctuation 
theory for two and three dimensional cases. The data of UGe2 are cited 
from ref.6. 



crossover line from the 1st order metamagnetic transition and 
a new high field phase appears. Theoretically, a new mech- 
anism caused by the topological change of Fermi surface 
related to the Lifshitz-type transition is proposed at QCEP, 
where the unusual behavior (dx~ l /dM — > oo, %; susceptibil- 
ity, M: magnetization) is predicted. 37 ' 5ff) 

Another interesting result is that the field dependence of 
po appears to have a plateau for P > Pqcep associated with a 
plateau in the field dependence of A. For example at 2.36 GPa, 
the plateau extends from 10 to 12 T. It should be noted that 
the present experimental setup means transverse magnetore- 
sistance, which can be affected by the orbital effect of the cy- 
clotron motion, namely ll> c t {a> c - eHlm* c c). If the orbit is as- 
sociated with van Hove singularity and a Lifshitz transition, a 
feedback can occur on the variation of the cyclotron effective 
mass m*. 

In general, a field sweep on a system with a sharp sin- 
gularity in the density of states can lead to a large variety 
of phenomena: collapse or change of interactions (balance 



J. Phys. Soc. Jpn. 



Full Paper 



D. Aoki et at 



between ferromagnetic and antiferrmagnetic channel), field 
dependence of local fluctuations (Kondo effect and valence 
fluctuations) 1 ' 51 ' and field evolution of Fermi surfaces (Lif- 
shitz transition and/or Pauli depairing of small Fermi surface 
sheets). 52 ~ 54) A recent appealing possibility will be the occur- 
rence of nematic phase as suggested in S^R^Ch 55 ' 56 ) 

A simple way to understand the plateau is to assume two 
different contributions; one is located at H m and the other is 
located at H* . For example, through the studies of metamag- 
netic phenomena in CeRu2Si2 family, a plateau of the field de- 
pendence of effective mass is detected in Ce(Ruo.92Rho.o8)2Si2 
between // c = 3 T and H m = 5.5 T. 57) The details will be pub- 
lished elsewhere. In the pure system CeRu2Si2, it is known 
that two singularities attributed to antiferromagnetic fluctu- 
ations and the ferromagnetic fluctuations occur at the same 
field H m ~ 7 T, 4) as detected by neutron scattering experi- 
ments. 58) However, in Ce(Ruo.92Rho.os)2Si2, two singularities 
might be separated. Although the microscopic experimental 
evidence is not yet obtained, the simple image is that the na- 
ture of antiferromagnetic order is strongly modified by Rh- 
doping going from the transverse (La-doping) to longitudi- 
nal antiferromagnetic mode at zero field. However, the fact 
that the magnetic field favors the transverse mode in antifer- 
romagnetic correlations leads to a switch in the paramagnetic 
phase with only strong antiferromagnetic correlations at H c ; 
the subsequent crossing through a regime dominated by ferro- 
magnetic fluctuations occurs at H m which is higher than H c . In 
UCoAl, similar two contributions may give rise to the plateau 
of effective mass. 

The plateau observed in UCoAl above Pqcep has some sim- 
ilarities with the results of S^R^Ch, which are interpreted as 
a signature of a nematic fluid which is characterized as a trans- 
lationally invariant metallic phase with a spontaneously gen- 
erated spatial anisotropy. 56 ' This proposal supports the idea 
that strongly correlated electrons can self-organize in quite 
different fashions and the metamagnetism here is not the only 
possibility. The possibility of a nematic phase in Sr3Ru207 
has been mainly given by the field-angle tuned magnetore- 
sistance and the anisotropy. 55) Recent pressure experiments 
have clearly shown that the uniform magnetization density is 
not the order parameter near QCEP but clear signatures of 
nematic phase were not observed. 59 ' It is worthwhile to re- 
mark that UCoAl is a Ising 3D system with respect to the 
Fermi surface properties, while S^R^Ch is a Heisenberg 
type with 2D Fermi surfaces. As shown in Figs. 1 and 2, 
UCoAl has strong Ising nature where H m strongly increases 
with a 1 / cos dependence, while H m in S^R^Ch shows the 
moderate increase from 5 T for H || ab-plane to ~ 7.8 T for 
H || c-axis. Basically, in UCoAl at least at low pressures, the 
key ingredient is the component of the magnetization along 
the c-axis. There is no relation between field-angle and pres- 
sure for singularities. An interesting question is whether the 
Ising type behavior is changed into the quasi-Heisenberg type 
at high pressure above QCER together with the topological 
change of Fermi surface. A conservative view is to assume 
that the Ising character is preserved through QCEP and thus 
the plateau observed above Pqcep cannot be associated with a 
nematic phase. Key experiments will be magnetization, Hall 
effect, and thermopower measurements underpressure at high 
fields. If UCoAl will be a weak ferromagnet, as it is the case 



for URhGe 2123) and UCoGe 2560) one can expect that trans- 
verse field perpendicular to Mq will have strong effect on the 
ferromagnetic instability. Here excellent agreement is found 
with the view that tilting the field-angle only modifies the Zee- 
man energy. 

5. Summary 

We grew single crystals of UCoAl and performed resis- 
tivity and magnetostriction measurements under pressure up 
to 2.4 GPa and at high fields up to 16 T. The metamagnetic 
transition at H m changes from the 1st order at low temper- 
ature to the crossover at high temperature. The critical tem- 
perature To is determined by the field sweep of resistivity 
and magnetostriction measurements. With increasing pres- 
sure, H m monotonously increases, while Tq decreases and is 
suppressed at the quantum critical endpoint (QCEP). The field 
dependence of the effective mass detected by the resistivity 
A coefficient reveals the acute enhancement at QCEP at H m . 
Further increasing pressure, H m increases continuously as the 
crossover, which was detected both by resistivity and magne- 
tostriction. The resistivity measurements exhibit another new 
anomaly at higher field H* than H m at pressures above Pqcep- 
Our experiments show that UCoAl will be a key example of 
field-induced state built from ferromagnetic fluctuations. Its 
rather low values of Pqcep ~ 1 .5 GPa and Hqqep ~ 7 T will 
allow one to perform a large variety microscopic and macro- 
scopic experiments, which can provide definitive conclusions 
on the properties of QCEP and in the plateau regime detected 
at P > Pqcep- 
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